Methylation of certain lysine residues in the N-terminal tails of core histone proteins in nucleosome is of fundamental importance in the regulation of chromatin structure and gene expression. Such histone modification is catalyzed by protein lysine methyltransferases (PKMTs). PKMTs contain a conserved SET domain in almost all of the cases and may transfer one to three methyl groups from S-adenosyl-L-methionine (AdoMet) to the -amino group of the target lysine residue. Here, quantum mechanical/molecular mechanical molecular dynamics and free-energy simulations are performed on human PKMT SET7/9 and its mutants to understand two outstanding questions for the reaction catalyzed by PKMTs: the mechanism for deprotonation of positively charged methyl lysine (lysine) and origin of product specificity. The results of the simulations suggest that Tyr-335 (an absolute conserved residue in PKMTs) may play the role as the general base for the deprotonation after dissociation of AdoHcy (S-adenosyl-L-homocysteine) and before binding of AdoMet. It is shown that conformational changes could bring Y335 to the target methyl lysine (lysine) for proton abstraction. This mechanism provides an explanation why methyl transfers could be catalyzed by PKMTs processively. The freeenergy profiles for methyl transfers are reported and analyzed for wild type and certain mutants (Y305F and Y335F) and the activesite interactions that are of importance for the enzyme's function are discussed. The results of the simulations provide important insights into the catalytic process and lead to a better understanding of experimental observations concerning the origin of product specificity for PKMTs.
H
istone lysine methylation is believed to be part of a histone code (1) and can govern many important biological processes, including transcription silencing and activation, DNA repair, cell cycle control, and DNA methylation (2) (3) (4) . Several lysine residues on histone proteins have been identified to be the sites of methylation by PKMTs, including histone H3 Lys-4 (or simply H3-K4), H3-K9, H3-K27, H3-K36, H3-K79, and H4-K20 (for reviews, see refs. 1 and 3). Different SET domain protein lysine methyltransferases (PKMTs) may have different product specificities in the sense that they direct different degrees of methylation on the lysine residues (e.g., mono-, di-, or trimethylation), leading to different outcomes and signaling properties (1) . The crystal structures of several PKMT complexes have been determined in recent years (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . These structures demonstrated that the SET domain is flanked by distinctive domains at the N and C termini. The substrate and S-adenosyl-L-methionine (AdoMet) are located on the opposite surfaces, with the target lysine side chain accessing the active site and the cofactor through a narrow channel in the SET domain.
Although PKMTs have been the subject of extensive experimental investigations, there are still considerable uncertainties concerning detailed catalytic process and origins of substrate and product specificities. One outstanding question that is of crucial importance for understanding the action of PKMTs concerns how positively charged lysine is deprotonated before its methylation. This deprotonation is absolutely required, because the basic form of the target lysine is the nucleophile, and the lone pair of electrons on its N is the site where the methyl group is to be added (6, 13) . Moreover, for the PKMTs that produce diand trimethylated lysine products the multiple rounds of methylation are believed to proceed processively without the release of the intermediates from the active sites. Thus, after each round of methylation, the lysine side chain becomes positively charged (see Fig. 1A ) and needs to be deprotonated again for the next round of methylation. So far, no functional groups/residues have been clearly identified to play this crucial role of the general base (6, 13) . The mechanisms by which the enzymes (or bulk solvent) are able to perform the initial and multiple rounds of deprotonation to prepare for methylation are still unknown and have been the subject of considerable speculations (6, (10) (11) (12) (13) (14) 18) . For instance, it was thought previously that an absolutely conserved Tyr residue in the SET domain (e.g., Tyr-335 in SET7/9, Tyr-283 in DIM-5, Tyr-287 in Rubisco LSMT, Tyr-336 in SET8 or Pr-SET7) might deprotonate the target lysine as well as methyl lysine (10, 12, 18) . However, this possibility was later ruled out (14) based on the x-ray structures of the PKMT complexes (8) (9) (10) (11) (12) (13) (14) (15) (16) , which showed that this tyrosine residue donates a conserved hydrogen bond to a backbone carboxyl oxygen (e.g., from Ala-295 in SET7/9 and Ile-240 in Dim-5) and is too far away from the target lysine or methyl lysine to perform the deprotonation function. Other active-site residues (e.g., Tyr-245 in SET7/9 and Tyr-178 in Dim-5) were also proposed as the possible general base (11, 12) . One major problem for the proposals based solely on the active-site residues is the lack of the ability to explain how the multiple rounds of deprotonation could occur (see above). In other words, it would be difficult to imagine that a general base would be able to deprotonate the methyl lysine and lysine repeatedly for multiple methyl additions. A recent hypothesis (15) seems to be able to overcome this problem by suggesting that bulk solvent might play a role in the direct deprotonation of lysine or methyl lysine. Although this mechanism is of interest, questions remain as to why PKMTs choose to use bulk solvent to perform this crucial step of the reaction and what is the role of the key residues in this process.
Here, the results of quantum mechanical/molecular mechanical (QM/MM) molecular dynamics (MD) and free-energy sim-ulations are reported for the first and second methyl transfers in wild type and different mutants (i.e., in the generation of monoand dimethylated lysine products from the reactant complexes containing the target lysine and monomethylated lysine, respectively) for understanding the deprotonation process during histone methylation catalyzed by SET7/9 and the origin of product specificity.
Results
Product Specificity. The average active-site structures of the reactant complex and near transition state for monomethylation ( Fig. 1 A and B) in wild type are plotted in Fig. 1 C and D , respectively. The average structure for the product complex (data not shown) is very close to the x-ray structure after 1-ns simulations with an average deviation of only 0.1 Å for key active-site interactions, suggesting that the models and methods used in this study are meaningful. Fig. 1C shows that the methyl group of AdoMet is well aligned with the lone pair of electrons on N in the reactant complex, consistent with the earlier studies (9, 21) . Thus, the enzyme is able to stabilize the active conformations for monomethylation. Two of the interactions that contribute to the formation of the reactive structure are the hydrogen bonds between o 1 of Tyr-245 and h 1 of the -amino group and between o 2 of Tyr-305 and h 2 . These interactions help to fix the direction of the lone pair of electrons toward the methyl group of AdoMet. It is of interest to note that these two hydrogen bonds along with the one involving W1 become stronger as the system changes from the reactant complex to transition state (Fig. 1D ). This strengthening of the interactions may play a role in the transition state stabilization for the methyl transfer. The importance of the hydrogen bond involving Tyr-245 was demonstrated by mutagenesis studies (8, 9, 12) , which showed that replacement of Tyr-245 by Ala or Phe led to a significant reduction of the activity on a H3-K4 peptide. In addition, there are several COH. . . O hydrogen bonds that might play a role in the methyl transfer (13, 17) . The ability of SET7/9 to stabilize the reactive conformations for the unmodified lysine in the substrate and AdoMet is further demonstrated by the r(C M . . . N ) and distributions plotted in Fig. 1C as well as the corresponding free-energy changes [see supporting information (SI) Fig. 5A ].
Indeed, there is a large population for the structures with relatively short r(C M . . . N ) distances (Ϸ2.9 Å) and small angles (Ϸ0°). The formation of such active conformations has been suggested to play an important role for the catalysis (5-21).
The free-energy profiles for the first and second methyl transfers as a function of the reaction coordinate are plotted in Fig. 2A for wild type and Fig. 2B for Y305F and Y335F, respectively. As can be seen from Fig. 2 A, the free-energy barrier for monomethylation is Ϸ17-18 kcal/mol for wild type, and this barrier becomes 5 kcal/mol higher for the second methyl transfer to H3-K4me. Thus, for the wild-type enzyme, the methyl transfer from AdoMet to H3-K4me is considerably more difficult than monomethylation of lysine. Presumably, the product of monomethylation would already be released before the second methyl group could be added to H3-K4me. The results of the simulations agree with the findings (6, 8, 9, 11, 21) that SET7/9 is mainly a monomethyltransferase. The free-energy profiles for Y305F in Fig. 2B demonstrate that, unlike wild type, the free-energy barriers for both methyl transfers from AdoMet to H3-K4 and from AdoMet to H3-K4me are rather low. The results of the free-energy simulations are therefore consistent with the experimental observations that the Y3053F mutation resulted in an increase in activity of SET7/9 on histones and that Y305F is a dimethyltransferase (11) . Interestingly, the free-energy barrier for the methyl transfer from AdoMet to the target lysine in Y335F is very similar to that in Y305F, even though the effects of the mutations observed experimentally are different; the role of Y335 will be discussed later (see below).
Some average active-site structures for the reactant complexes are given in Fig. 3 . Fig. 3A shows that, for the monomethylation of H3-K4 in Y305F, an active-site water (W1) replaces Y305 for stabilizing the active conformation of the -amino group. It is interesting to note that the interactions involving the both W1 and Y245 become stronger in Y305F as the system changes from the reactant complex (Fig. 3A) to transition state (see SI Fig. 6A ), and these changes are more profound than those observed for wild type (see above). The strengthening of these interactions may play a role in reducing the free-energy barrier for monomethylation. To determine the origin of the relatively low (high) free-energy barrier for the methyl transfer from AdoMet to H3-K4me in Y305F (wild type), the active-site structures of the reactant complexes for wild type and Y305F are plotted in Fig. 3 B and C, respectively, along with the r(C M . . . N ) and distributions. The structures in Fig. 3 B and C show that the distance between C M and N is considerably longer in wild type than in Y305F for dimethylation probably because of steric repulsions that prevent K4me and AdoMet to approach each other in wild type. Fig. 3B shows that, for wild type, the r(C M . . . N ) and distributions in the reactant complex for the second methyl transfer are quite different from those of monomethylation (Fig. 1C) . Indeed, the distributions are much broader and the possibility for the system to sample the structures with r(C M . . . N ) Ͻ 2.9 Å and Ͻ 15°becomes rather small, in agreement with an earlier study (21) . Fig. 3C shows that, for Y305F, the active site is able to adopt the structures with a good alignment of the electron lone pair of H3-K4me and the methyl group of AdoMet, although there is only one hydrogen bond interacting with H3-K4me. This is probably due in part to the existence of the hydrophobic interaction between the methyl group of H3-K4me and the ring of Tyr-335.
Deprotonation of Methyl Lysine: The Role of Tyr-335. Tyr-335 is an absolute conserved residue for PKMTs, and the replacement of this Tyr was found to abolish the activity of the enzymes (8, 10, 12) . For this reason, it is rather surprising to see from Fig. 2B that the free-energy barrier for the methyl transfer does not increase at all as a result of the Y3353F mutation. Consistent with the results of the free-energy simulations, Fig. 3D shows that the methyl group of AdoMet is well aligned with the lone pair of electrons on N in the Y335F reactant complex. Because other experimental observations have been well reproduced by the simulations, it appears that the interactions involving this Tyr may indeed have little effect on the methyl transfer. One possible reason for this residue to be crucial for the catalysis could be due to its role in binding of AdoMet and/or peptide. However, previous experimental binding studies (8) showed that mutation of Tyr-335 does not alter the binding affinity for the cofactor and has only limited effect on the peptide binding. Alternatively, Tyr-335 could act as the general base for deprotonation of the target lysine and methyl lysine (see above).
Y305F is a dimethyltransferase (as suggested by the both experimental and computational studies), and its product complex from monomethylation can therefore be used to examine the possibility of whether Tyr-335 might play a role in the deprotonation of positively charged H3-K4me. As in the x-ray structures of the PKMT complexes (8) (9) (10) (11) (12) (13) (14) (15) (16) , the simulations showed that Tyr-335 donates a rather stable hydrogen bond to the backbone carboxyl oxygen of Ala-295 in all of the reactant and product complexes (Figs. 1C and 3 A-C) . This would make it difficult to remove the proton from Tyr-335 and produce the negatively charged general base. However, the general base could be produced to perform its function after dissociation of S-adenosyl-L-homocysteine (AdoHcy) and before binding of the next AdoMet molecule. To see whether this process would be possible, AdoHcy in the Y305F product complex from monomethylation was removed to generate the state in which AdoHcy is dissociated from the enzyme and the binding of the next AdoMet molecule has not occurred yet. The MD simulations on the system showed that the conserved hydrogen bond between Tyr-335 and the backbone carboxyl oxygen was broken, and the hydroxyl group of Tyr-335 donated a hydrogen bond to bulk water molecules instead (Fig. 4A) . The structural changes from the simulations seem to suggest that Tyr-335 could be deprotonated by bulk solvent and then act as the general base for deprotonation of the positively charged methyl lysine through conformational changes. To test this hypothesis, Tyr-335 was deprotonated manually and the QM/MM MD simulations were performed. Consistent with our hypothesis, the deprotonated Y335 underwent conformational transitions and performed the deprotonation function very efficiently (Fig. 4B ). Fig. 4C shows the average structure after the deprotonation of positively charged methyl lysine in Y305F. As is evident from Fig. 4C , two of the key active-site hydrogen bonds between Tyr-245 and the -amino group and between Tyr-335 and the backbone carbonyl oxygen of Ala-295 were recovered during the simulations, providing additional support for the hypothesis. The similar results were also obtained for the deprotonation of positively charged lysine by Y335 for monomethylation before AdoMet binding in the wild-type enzyme (see SI Fig. 7) . Discussion SET7/9 can methylate multiple proteins, including histone H3 (8-9, 12), tumor suppressor p53 (19) , and TBP-associated factor TAF10 (20) . It has been widely accepted (6) that the action of the wild-type enzyme on histone H3 is mainly to add a single methyl group to Lys-4 ( Fig. 1 A) . SET7/9 is therefore considered as a histone H3-K4 monomethyltransferase (6) . The previous studies on SET7/9 have provided important insights into the origin of product specificity. The lone pair of electrons on N of H3-K4 or H3-K4me is the site for methyl addition. Therefore, one would expect that a good alignment of the methyl group of AdoMet with the electron lone pair on N in the reactant complex would lead to an efficient methyl transfer, whereas a bad alignment would make the methyl transfer less likely. This structure-reactivity relationship provides an explanation why SET7/9 is a monomethyltransferase. Indeed, the crystal structure of SET7/9 complexed with AdoHcy and a histone H3-K4me peptide showed that the K4me side chain in this product complex of monomethylation adopts a conformation that might prevent the lone pair of electrons from the further reaction with a second AdoMet molecule (9) . A molecular dynamics study (21) supported this suggestion and further showed that the active-site conformation in a model of SET7/9 complexed with AdoMet and H3-K4me is indeed not favorable. It has been observed that the Tyr-3053Phe mutation in SET7/9 not only led to an increase of the enzyme's activity for monomethylation, but also changed SET7/9 into a dimethyltransferase (11) . The relatively high activity of Y305F on H3-K4 and its ability to efficiently produce dimethylated lysine product suggest that the active-site structures for the methyl transfers from AdoMet to H3-K4 as well as from AdoMet to H3-K4me may become more favorable as a result of the Y3053F mutation. Nevertheless, the x-ray structures for the Y305F complexes are not available and a previous MD study (21) was unable to reproduce the experimental findings.
In this study, the free-energy simulations showed that the free-energy barrier for the second methyl transfer from AdoMet to H3-K4me is Ϸ5 kcal/mol higher than the barrier for monomethylation in wild type (Fig. 2 A) . Therefore, the addition of the second methyl group becomes considerably more difficult. The analysis of the trajectories of the QM/MM MD simulations on the reactant complexes supported the earlier suggestions that the decrease of the activity for the second methyl transfer is related to the inability of the active site to adopt a favorable conformation (6, 9, 21) . For Y305F, the free-energy barriers for the both first and second methyl transfers are lower than or similar to the barrier of monomethylation in wild type (Fig. 2B) , and the mutant is therefore a dimethyltransferase. The examination of the active-site structures showed that, unlike in wild type, the lone pair of electrons is well aligned with the methyl group of AdoMet in the both reactant complexes, leading to the efficient methyl transfers from AdoMet to H3-K4 as well as from AdoMet to H3-K4me.
One of the outstanding questions for understanding the action of PKMTs is how the positively charged lysine and methyl lysine are deprotonated before their methylation by the enzymes. Multiple rounds of methylation of the substrates by PKMTs presumably include the following: binding of the substrate and AdoMet, methylation of the target lysine, dissociation of AdoHcy from the enzyme, binding of the second AdoMet molecule and methylation of methyl lysine, and so on. The enzymes (or bulk solvent) must perform multiple rounds of deprotonation to prepare for each of the methylation steps, and the mechanism for deprotonation of positively charged lysine and methyl lysine is still unknown. The experimental observations (11, 16 ) that certain mutants of monomethyltransferases (e.g., Y305F of SET7/9) could efficiently produce the dimethylated lysine products indicate that, even for monomethyltransferases, the ability of the enzymes and/or bulk solvent to perform multiple rounds of deprotonation may already be in place, even though the further methylation cannot proceed.
Y335 is one of the most important residues in SET7/9 and is absolutely conserved in the SET domain PKMTs. One surprising observation from our simulations is that the free-energy barrier for the methyl transfer in Y335F is not affected at all by the mutation, indicating that its role may not be for the promotion of the methyl transfer. The x-ray structures of the PKMT product complexes (8) (9) (10) (11) (12) (13) (14) (15) (16) showed that this residue donates a conserved hydrogen bond to the backbone carboxyl oxygen of Ala-295 and is too far away from the target lysine or methyl lysine to perform the deprotonation function. However, the deprotonation may occur after dissociation of AdoHcy from the enzyme and before binding of the next AdoMet. To explore this possibility, the QM/MM MD simulations were performed on the Y305F product complex from monomethylation with AdoHcy removed. It was found that the hydroxyl group of Tyr-335 moved to donate a hydrogen bond to bulk water molecules. This result seems to be consistent with an apo structure containing the core SET domain of SET7/9 and the N-flanking region (18) that showed that Tyr-335 was at a different location without AdoHcy bound. However, the lack of the complete C-flanking domain (which is required for the activity) in the apo structure leads to some uncertainty as to whether the different location of Tyr-335 would be due to the lack of the C-flanking domain or AdoHcy.
The exposure of Tyr-335 to bulk solvent as observed from the simulations provides the opportunity for Y335 to be deprotonated by bulk solvent and then act as the general base in the deprotonation of positively charged methyl lysine. Indeed, our simulations showed that the deprotonated Y335 underwent conformational transitions and was able to remove the proton from the positively charged H3-K4me very efficiently. The results therefore suggest that Y335 may be the general base for the deprotonation after dissociation of AdoHcy and before binding of AdoMet (Fig. 4D) . The similar results were obtained for the wild-type reactant complex with positively charged H3-K4 and without AdoMet bound (see SI Fig. 7) .
The SET domain PKMTs are often active at the basic condition (e.g., Dim-5 has optimum pH of Ϸ10). It has been hypothesized (15) that bulk solvent might play a role in the direct deprotonation of lysine or methyl lysine (typical pK a values of Ϸ10). Our simulations cannot rule out this possibility, because the lysine and methyl lysine seem to have some limited exposure to bulk solvent as well (see Fig. 4A ). However, it seems that the mechanism proposed here from the simulations is reasonable and able to explain the role of Y335 as well (which would presumably have a similar or lower pK a than lysine and methyl lysine).
Conclusions
The results of the QM/MM MD and free-energy simulations suggest that Tyr-335 may play the role as the general base for the deprotonation of lysine and methyl lysine after dissociation of AdoHcy and before binding of AdoMet (Fig. 4D) . The conformational changes could bring Y335 to the target for the proton abstraction, as suggested from the simulations. The deprotonation of lysine or methyl lysine along with binding of AdoMet then prepares the system for methyl addition. The free-energy profiles for methyl transfers were reported and analyzed for wild type and certain mutants and the active-site interactions that are of importance for the enzyme's function were discussed. The results of this study led to a better understanding of experimental observations and provided important insights into catalytic process and origin of product specificity for PKMTs.
Methods
QM/MM free-energy (potential of mean force) simulations were applied for the study of the mono-and dimethylation processes catalyzed by SET7/9 and its mutants. The CHARMM (version c32b2) program (22) was used for the simulations. The selfconsistent charge density functional tight-binding method (23) was used for the QM description in the present study. The results of the self-consistent charge density functional tight-binding and B3LYP/6-31G** (MP2/6-31G**) methods in the description of methyl transfer in a small model system were first compared, and corrections were introduced and used for improving the freeenergy profiles of methyl transfers in SET7/9 and its mutants. Only the free-energy profiles based on the B3LYP corrections were reported here, because the same conclusions were obtained with the MP2 correction. AdoMet, AdoHcy, Tyr-335 (involved in deprotonation), and the target lysine/methylated lysine side chains were treated by QM and the rest of the system by MM. The all-hydrogen potential function (PARAM22) (24) was used for the MM atoms. The link-atom approach (25) available in the CHARMM program was used to separate the QM and MM boundaries. A modified TIP3P water model (26, 27) was used for the solvent. The stochastic boundary molecular dynamics method (28) was used for the QM/MM MD and free-energy simulations. The reference center for partitioning the system was chosen to be the C ␤ atom of the target K-4 or the methylated K-4. The resulting systems contain 5,500Ϸ5,700 atoms, including Ϸ800-900 water molecules (200 crystal water molecules).
The initial coordinates were based on the crystallographic ternary complex (PDB ID code 1O9S) containing SET7/9, AdoHcy, and a histone H3-K4me peptide (9) . The reactant complex containing SET7/9, AdoMet, and the H3-K4 peptide was generated from the structure of the product complex by using the free-energy simulations. For the study of the second methyl transfer from AdoMet to H3-K4me, a methyl group was manually added to AdoHcy to change it into AdoMet. This leads to the reactant complex for the second methyl transfer. The Y305F (Y335F) mutant was generated simply by changing Tyr-305 (Tyr-335) in wild type to Phe. In addition, AdoHcy in the Y305F product complex resulting from monomethylation and AdoMet in the wild-type reactant complex for monomethylation (with a proton added to H3-K4) were removed to produce the models without the cofactor bound and to generate the states before deprotonation of H3-K4me and H3-K4, respectively. QM/MM MD simulations (1.5 ns) were carried out for each of the reactant and product complexes and the distributions of r(C M ON ) and were monitored. The free energies for the formation of the active reactant complexes were estimated based on the probability densities [r(C M ON )] and () (29) . To test the hypothesis whether the negatively charged Y335 could act as the general base to deprotonate the positively charged methyl lysine and lysine, Y335 was manually deprotonated in each of the corresponding models and MD simulations were performed. A similar approach has been used previously in the study of chorismate mutase (30) .
The umbrella sampling method (31) implemented in the CHARMM program along with the weighted histogram analysis method (32) was applied to determine the change of the free energy (potential of mean force) as a function of the reaction coordinate for the methyl transfer from AdoMet to H3-K4 (H3-K4me) in each case. The reaction coordinate is defined as a linear combination of r(C M ON ) and r(C M OS ␦ ) [i.e., R ϭ r(C M OS ␦ ) Ϫ r(C M ON )]. Twenty-one windows were used for each methylation process. Within each window, 100-ps productive runs were performed after the equilibration. The force constants of the harmonic biasing potentials used in the potential of mean force simulations were 100-500 kcal⅐mol Ϫ1 ⅐Å Ϫ2 . See SI Methods for a more detailed description of methods.
